Ferrocenyl carbodiimide (1) could be used for the direct labeling of synthetic RNA and expressed mRNA in vitro with the electrochemically active ferrocene moieties. These RNAs modified by 1 could be detected electrochemically coupled with a DNA probe-immobilized electrode. After hybridization of 1.1 Kb mRNA modified by 1 with the DNA probeimmobilized electrode, the peak charge observed by an Osteryoung square wave voltammetry (SWV) measurement correlated well with the concentration of mRNA, having a detection limit at the sub nanogram level.
Introduction
It is very important to develop a conventional, but efficient, gene-detecting system from the viewpoint of realizing the nextgeneration gene diagnostic chip. Until now, many techniques to detect the desired gene have been explored, but electrochemical ones are especially attractive because they enable direct readout and miniaturization with good cost performance and high sensitivity. 1 A ferrocene-modified oligonucleotide has been a focus of attention as a promising elctroactive reporter in such techniques because of its stability in water and stable redox current without the undesired effect of oxygen dissolved in water. 2 However, the procedure used to incorporate the ferrocene moieties to nucleic acids requires time-consuming and tedious steps, such as the synthesis of a ferrocenyl phosphoramidite reagent and its subsequent introduction into any position of the oligonucleotides on a DNA synthesizer. 3 Recently, we could successfully synthesize ferrocenyl carobodiimide (1) as a convenient ferrocenylation reagent. 4 The experiments described in the paper showed that this reagent 1 could be covalently attached to a thymine or guanine base on DNA or a uracil or guanine base on RNA through a reaction between the carbodiimide moiety of 1 and the imino moiety of DNA or RNA with quantitative yield at room temperature in a short time period. This suggested that ferrocenyl carbodiimide 1 could be utilized as an effective and direct ferrocenyl reagent for intact nucleic acids. Furthermore, we also synthesized the derivatives of 1 having different redox potentials by changing the chemical nature of a linker chain connecting the ferrocene with carbodiimide parts. 4 Recently, the usefulness of electrochemical gene expression analysis has been demonstrated. 5, 6 For example, King and coworkers demonstrated the model experiment of electrochemical gene expression analysis using cRNAs labeled with ferrocene and anthraquinone, which are constructed by indirect methods (mRNA → cDNA → cRNA). 6 However, no one succeeded in the direct electroactive labeling of mRNA. Using our reagents, 1 and its derivative, electrochemical gene expression analysis should be achieved by the use of mRNAs differently labeled with reagents having two different redox potentials. Therefore, the establishment of a labeling method of intact mRNA with our standard reagent 1 is urgently needed for practical use of 1.
In the present work, we established the optimal conditions for the labeling reaction of synthetic RNA or mRNA with ferrocenyl carbodiimide 1, and demonstrated electrochemical mRNA detection coupled with a DNA probe-immobilized electrode.
Materials and Methods

Chemicals
Ferrocenyl carbodiimide 1 was synthesized according to a previously described route. 4 Synthetic RNA or DNA and thiolated DNA were custom-synthesized by Genenet Co. (Fukuoka, Japan). The sequences of these RNA and DNA are listed in Table 1 . The DNA sequences of HS-D2(-) and HS-T7(-) were complementary to those of mRNA coding for the lacZ gene of E. coli and the T7 promoter sequence, respectively. HS-dT20 was used as a non-complementary sequence of the mRNA.
MilliQ water was used throughout (Millipore, Billerica, MA). Buffer 20 × SSC (0.3 M sodium citrate containing 3 M NaCl) was purchased from Wako Chemicals Inc. (Osaka, Japan). Buffer for the reaction of 1 with RNA was prepared as 50 mM NaH2BO3/NaOH buffer (pH 8.5) and used after dilution. A 200 mM KH2PO4/K2HPO4 buffer (pH 7.0) containing 1 M NaClO4 was used after dilution in an electrochemical or spectrophotometric measurement, and 0.1 M triethylammonium acetate (TEAA) buffer (pH 7.0) was used as an eluent in high-performance liquid chromatography (HPLC). RNase-free water was prepared throughout a Genegard cartridge (Millipore).
Apparatus and analysis
The HPLC system used in this experiment was composed of the following components: a Hitachi C-7300 column oven, an L-7450H diode array detector, an L-7100 pump and a D-7000 interface chromatograph. Reversed-phase HPLC was run using a Lichrospher RP-18 (Cica-Merck, Kanto Chemicals Co., Tokyo, Japan) column with the gradient condition, where the acetonitrile content in 0.1 M TEAA buffer (pH 7.0) was linearly changed from 0 to 40% over 30 min at a flow rate of 1.0 ml/min with detection at 260 nm. The reactivity of 1 to RNAs was assessed from the ratio of the peak areas for unmodified and modified RNAs.
RNA modified with 1 was characterized by matrix-assisted laser desorption ionization time-of-flight mode mass spectrometry (MALDI-TOF MS, Voyager TM Linear-SA, PerSeptive Biosystems Inc., Foster City, CA) measurements of the products separated by HPLC. They were desalted by Dowex 50WX8 cation exchange resin and dissolved in a solution of 50 mg/ml 3HPA (3-hydroxypicolinic acid) in 0.1% TFA/50% CH3CN and dried. Mass spectra were measured by the negative mode.
Melting curve measurement
Melting curves of RNA-DNA duplexes were measured on a Hitachi 3300 spectrophotometer equipped with an SPR 10 temperature controller. The concentration of RNAs unmodified or modified with 1 was estimated from the molar absorptivity at 260 nm, 6210 cm -1 M -1 for 1. The melting temperature was measured in a 20 mM KH2PO4/K2HPO4 buffer (pH 7.0) containing 0.1 M KCl. A mixture of 5 μM RNAs modified by 1 and 5 μM of their complementary DNA was placed in a cell of 1 cm in light path length (total 200 μl), and the absorbance change at 260 nm was monitored at a heating rate of 0.5˚C/min to 85˚C.
Electrochemical measurement
An electrochemical measurement was made on an ALS electrochemical analyzer Model 900 (CH Instrument Inc., Austin, TX). The Osteryoung square wave voltammetry (SWV) method was used in experiments for DNA-immobilized electrodes before and after hybridization with an amplitude of 50 mV, an applied potential of 10 mV, and a frequency of 10 Hz. The electrolyte used was 20 mM NaH2PO4/Na2HPO4 buffer (pH 7.0) containing 0.1 M NaClO4, since it is known that a stable redox reaction of ferrocene occurs in this buffer. 7 The cell was furnished with three electrodes of Ag/AgCl as a reference electrode, Pt wire as a counter electrode, and DNAimmobilized electrode as a working electrode. All measurements were conducted at 10˚C, where the doublestranded structure of RNA-DNA heteroduplex used is stable on the working electrode.
Preparation of mRNA
A linear DNA fragment carrying T7 promoter and GFP gene was prepared from the recombination of pGFPuv (Clontech Laboratories, Palo Alto, CA) and pET23b (Novagen, Madison, WI). mRNA was in vitro translated using a MEGA script Kit (Ambion Inc., Austin, TX) according to the manufacturer's protocol, and purified by a MEGA clear Kit (Ambion Inc.). The mRNA was identified as 1.1 Kb by the μTAS electrophoretic system of a 2100 Bioanalyzer using RNA 6000 Kits (Agilent Technologies Inc., Santa Clara, CA).
Labeling reaction of RNAs with 1
Ten microliters of a solution of 0.5 mM R1, R2, or 1.0 mg/ml mRNA in a 20 mM borate buffer (pH 8.5) were mixed with 10 μl of a solution of varied amount of 1 in 20 mM borate buffer containing 60% DMSO at 37˚C for a specific period of time. The mixture was diluted to 1 ml with 0.1 M TEAA buffer (pH 7.0), and then loaded on a NAP-10 column (Pharmacia Sephadex G-25, Amersham Biosciences Co., Uppasala, Sweden). After discarding the first 1 ml of the flow-through, RNA was eluted with 1.5 ml of 0.1 M TEAA buffer and lyophilized. After the addition of 30 μl of RNase-free water, the ferrocenylated RNAs of R1 and R2, or mRNA were identified by reversed-phase HPLC or 2100 Bioanalyzer, respectively.
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Preparation of DNA-immobilized electrode and hybridization with ferrocenylated RNA
A gold electrode of 2.0 mm 2 in area was polished with 6 μm, 1 μm of diamond slurry, and 0.05 μm of alumina slurry in this order, and sonicated in MilliQ water for 10 min. This electrode was electrochemically polished by scanning 40 times from -0.2 to 1.5 V at a scan rate of 100 mV/s in a 1 M H2SO4 aqueous solution, and sonicated in MilliQ water for 15 min. One microliter of a 1 M NaCl solution containing 2 μM thiolated DNA (see Table 1 ) was placed on a gold electrode held upside down and kept in a closed container under high humidity for 24 h at room temperature. After washing with MilliQ water, 1 μl of 1 mM 6-mercaptohexanol was placed on the electrode for 1 h at 45˚C. One microliter of 2 × SSC buffer containing various concentrations of RNA modified by 1 was placed on the electrode for 6 h at 10˚C to allow hybridization to proceed. The electrode was kept in 20 mM NaH2PO4/Na2HPO4 buffer (pH 7.0) containing 0.1 M NaClO4, and SWV was measured with an ALS Model 900 electrochemical analyzer.
Results and Discussion
Reactivity of 1 to synthetic RNA
Ferrocenyl carbodiimide 1 could react with thymine or guanine base of single-stranded DNA, as reported previously. 4 The reactivity of 1 to a synthetic RNA, rUA9, was also studied under similar conditions. 4 Here, we tested the reaction of R1 carrying many potential reactive sites (Table 1 ) with 1. A 10-μL portion of 1 was treated with 0.5 mM R1 in a 20 mM borate buffer (pH 8.5) containing 30% DMSO at 37˚C for 10 h. As shown in Fig. 1 , broaden peaks were observed over 10 -20 min, which can be roughly divided into 3 peaks (b -d in Fig. 1 ) with additional peaks of 8.0 min of R1 (a in Fig. 1 ) and 12 min of 1 (f in Fig. 1 ) after the reaction. The peaks of b -d in Fig. 1 could be identified as R1 modified by one, two, and three ferrocene molecules, respectively, by the MALDI-TOF MS of these fractions purified by HPLC (Fig. 2) .
Stability of the heteroduplex of synthetic RNA modified by 1 with its complementary DNA
Firstly, a melting temperature (Tm) measurement of the heteroduplex of R1 carrying one, two, or three ferrocene molecules with a complementary DNA to R1 was carried out in 20 mM KH2PO4/K2HPO4 buffer (pH 7.0) containing 0.1 M KCl under similar conditions as the electrochemical measurement. Figure 3 shows the Tm curves of each heteroduplex, and Table 2 gives the calculated Tm values of these heteroduplexes. The Tm values decreased with an increase in the amount of the incorporated ferrocene; around 6˚C of the Tm value was reduced per one ferrocene molecule. This result was in good agreement with that in the case of the DNA duplex, showing that these heterohybrids can be retained below 15˚C.
Secondly, circular dichroism (CD) spectra of the heteroduplexes were measured to evaluate the modification effect by 1 on their conformations. CD spectra of the heteroduplex of R1 carrying three ferrocene molecules with the complementary DNA to R1 were measured in 20 mM KH2PO4/K2HPO4 buffer (pH 7.0) containing 0.1 M KCl at 25 and 15˚C (Fig. 4) . The peak pattern in the CD spectra of the hetroduplex of modified R1 at 15˚C was almost consistent with that of the corresponding unmodified one, showing that the 117 ANALYTICAL SCIENCES JANUARY 2007, VOL. 23 duplex structure of the modified one is stable at 15˚C. However, the CD peak pattern of the heteroduplex at 25˚C showed an increased peak at around 270 nm, which is similar to that in the case of single-stranded RNA, indicating that the heteroduplex is unstable at 25˚C.
Electrochemical detection of synthetic RNA labeled with 1 Electrochemical RNA detection was carried out by using a DNA-immobilized electrode. Thus, a DNA probe-immobilized electrode was prepared by the treatment of HS-D2(-) with a pretreated gold electrode. The solution of ferrocenylated R2 in 2 × SSC buffer was dipped on the electrode and kept at 10˚C for 6 h to conduct hybridization. Figure 5A shows the curves of SWV before and after hybridization. The peak current corresponding to the redox of 1 was observed at 0.21 V, which increased with an increase in the amount of ferrocenylated R2 in the 2 × SSC buffer. The current increased linearly with an increase in the amount of the modified R2, resulting in electrochemical RNA detection (Fig. 5B) .
Labeling of mRNA with 1
To expand this system to the detection of mRNA expressed in vitro, we studied the optimum labeling conditions of mRNA translated in vitro with 1. A μTAS electrophoreogram of the in vitro expression product showed a peak at a migration time of 32 s (Fig. 6a) , which was estimated as the desired expressed mRNA by a comparison with the molecular marker of RNA. To search for the optimum reaction time, 1 mg/ml of mRNA was treated with 5 mM 1 in 20 mM borate buffer (pH 8.5) containing 30% DMSO for 1, 2, 4, or 6 h at room temperature. Electrophoreograms thus obtained are shown in Figs. 6b -e, respectively. The peak became broad with an increase of the reaction time. A reaction time of over 2 h caused a broaden peak at 25 -35 s, which can be attributed to digested RNA, possibly by ambient RNase. Based on this result, we could settle the suitable reaction time as 1 h. In the next step, we studied the effect of the amount of 1 on the reaction with mRNA. Ten mg/ml of mRNA was treated with 1, 2, 5, 10, 20, and 50 mM 1 for 1 h at room temperature. The highest reactivity was obtained in 10 mM of 1 (data not shown). However, no peak was observed over 20 mM 1 because of precipitate formation. The obtained results gave the optimum labeling conditions of 10 mM 1 for 1.0 mg/ml mRNA at room temperature for 2 h.
Electrochemical detection of mRNA through the direct modification by 1
Firstly, a sensing electrode was prepared by the immobilization of HS-T7(-) on the electrode. One microliter of 2 × SSC buffer containing mRNA, treated with 1 under the optimum conditions described before, was placed on the electrode at 25˚C, and temperature was slowly decreased to 15˚C for 4 h to proceed with the desired hybridization. Secondly, a SWV measurement of this electrode was carried out. Figure 7 shows the SWV response upon treating with different amounts of 1. An increase in the amount of treated 1 gave an increase of the peak intensity in SWV response. This result shows that an electrochemical signal was generated from hybridized mRNA modified by 1. The optimum peak height of SWV was obtained in the case of the reaction of 40 mg/ml mRNA modified by 10 mM 1 at room temperature for 2 h. However, mRNA treated with over 10 mM 1 (too many modifications by ferrocene) showed a nonspecific absorption 118 ANALYTICAL SCIENCES JANUARY 2007, VOL. 23 that could be observed in the masking step of the electrode with 6-mercaptohexanol (data not shown). Under these conditions, nonspecific absorption was not observed, as shown in Fig. 8B . Therefore, electrochemical mRNA detection was conducted with the reactant of 40 mg/ml mRNA modified by 10 mM 1 at room temperature for 1 h. Figure 7 shows the concentration dependence of mRNA modified by 1 in SWV curves and their peak areas. A good linear correlation of the SWV peak area was formed against the concentration of the mRNA, whereas the peak areas for dT20-modified electrode were within the background level (Fig. 8B) . The detection limit in this system was estimated to be about 10 ng, which was equivalent to 28 fmol of 1.1 Kb mRNA. A hybridization efficiency of 2.2 Kb of M13 single-stranded DNA has been reported to be ca. 1%. 8 If a similar hybridization efficiency was obtained in this system, the modification ratio would become to be one ferrocene molecule per 5 bases of mRNA [Increasing charge in the case of 80 ng ferrocenyl mRNA was ca. 120 nC. This is in good agreement with the calculated value of 120 nC (= (80/1282 × 1100)×(1100/5) × 96500 × 0.1)].
Conclusion
Ferrocenyl carbodiimide 1 could label mRNA directly with excellent efficiency. Electrochemical detection of this labeled mRNA was successfully achieved when coupled with a DNA probe-immobilized electrode. The labeling reaction in synthetic RNA or mRNA with 1 was based on the reaction of the carbodiimide moiety of 1 with the imino moiety of uracil, or the guanine base of RNA, as in the case of DNA, which caused an instability of the resulting duplex structure.
However, hybridization with the labeled RNA could be achieved at the selected temperature.
